when the surface was below the sublimation temperature (that is, at night) may have produced volatile-rich deposits when magmatic gases or fumarolic minerals condensed onto the cold surroundings. These materials could then have been sequestered through burial by extensive thicknesses of pyroclastic deposits or lava. Subsequent impact cratering could have exhumed these materials to the shallow subsurface, followed by formation of depressions by scarp retreat as the volatile component sublimated.
To estimate the rate at which hollows may be forming, we used shadow-length measurements to determine the average depth of the hollows on the floor of the Raditladi basin (Fig. 1C) . This value (44 m), combined with the age of the basin as constrained by the crater size-frequency distribution [10 9 years (27) ] yields an erosion rate of 0.04 mm/year, or 1 cm in 200,000 years, under the assumption that erosion proceeds only downwards. In many areas, however, the flat floors and rounded outlines suggest that the hollows are enlarged through radial growth-down to a resistant base, then laterally by scarp retreat. We determined the characteristic average radius (137 m) for isolated hollows and individual hollows that form merged groups on the floor of Raditladi. Under strictly radial growth, the erosion rate is 0.14 mm/year, or 1 cm in 70,000 years. For comparison, estimates for the rate of scarp retreat in the martian "Swisscheese" terrain are~1 m per Earth year (22) , and the rate of abrasion of kilogram-sized lunar rocks by micrometeoroid bombardment is~1 cm per 10 7 years (28) . Although the uncertainties in the formation rate are large, the existence on Mercury of a process modifying the terrain faster than lunar micrometeoroid erosion but more slowly than martian CO 2 ice sublimation can account for why the hollows appear to be much younger than the impact structures in which they are found.
The involvement of volatiles in candidate formation mechanisms for the hollows fits with growing evidence (16, 17, 26, 29) that Mercury's interior contains higher abundances of volatile elements than are predicted by several planetary formation models for the innermost planet (30) (31) (32) . Mercury is a small rocky-metal world whose internal geological activity was generally thought to have ended long ago. The presence of potentially recent surface modification implies that Mercury's nonimpact geological evolution may still be ongoing. Earth-like magnetic dynamo in the fluid outer core has proven challenging (4), and innovative theoretical solutions have been proposed (5, 6) that can potentially be distinguished by the field geometry. Magnetometer observations made during Mercury flybys by the Mariner 10 (1) and MESSENGER (2, 3) spacecraft indicate that the planet's internal field is consistent with an axially aligned dipole displaced northward by~0.16 R M , where R M is Mercury's mean radius, 2440 km. However, because of limited geographical coverage afforded by the flybys, the estimated dipole and quadrupole coefficients were highly correlated (7, 8) such that the solutions were not unique. Moreover, signatures of plasma pressure near the equator raised questions about the field magnitudes recorded near the equator, implying that the inferred offset could have been the result of plasma effects (9) . On 18 March 2011, the MESSENGER spacecraft was inserted into a near-polar orbit about Mercury with a periapsis altitude of 200 km, an inclination of 82.5°, and an apoapsis altitude of 15,300 km. Here, we show that magnetic field observations from orbit provide an unambiguous determination of the global structure of the planetary magnetic field.
MESSENGER's eccentric orbit transits the equator at about 1000 km altitude on the descending orbit node (10) . Figure 1 shows Magnetometer data (11) acquired shortly after instrument turn-on for orbital commissioning on 23 March 2011. Plasma pressures are indicated by irregular depressions in field magnitude from 01:49 to 01:57 Coordinated Universal Time (UTC). Despite the magnitude variability, the field direction near the equator changed smoothly, consistent with the diamagnetic effect of plasma that reduced the local field strength but did not alter the basic field geometry. Similar depressions in field strength with steady field direction were observed across the descending node on almost every orbit and are coincident with increases in proton flux recorded by MESSENGER's Fast Imaging Plasma Spectrometer (12) .
Plasma pressures comparable to the magnetic pressure complicate the determination of the planetary magnetic field because spherical harmonic analysis has its basis in a formalism (Laplace's equation) that requires the sampled volume to be free of electric current (13) . These magnetic field data therefore are not amenable to direct application of spherical harmonic analysis for latitudes south of~30°N, and the dipole and quadrupole terms, g 10 and g 20 , remain highly correlated in solutions using MESSENGER orbital data taken only from northern latitudes (8) . The prevalence of plasma pressure effects implies that spherical harmonic analysis will be unable to resolve the ambiguity in the internal field structure, a situation that if unresolved would severely hamper efforts to understand the mechanisms driving Mercury's magnetic field.
To make progress separating the internal and external fields, we take advantage of the fact that, for a slowly rotating system, the planetary magnetic field governs the distributions of plasma pressure and the locations of external currents (e.g., magnetopause and tail currents) such that they are symmetric in the north-south direction about the magnetic equator (14, 15) . At Mercury there may be a north-south shift in the cross-tail current that depends on the sign of the sunward interplanetary magnetic field (IMF) component (16) . This shift is relative to the magnetic equator and because the sunward IMF component changes sign typically twice each solar rotation (15) , this effect can be assessed and generally averages out. Thus, the location of the magnetic equator can be identified from the geometry of the magnetic field without the need to correct for local plasma pressures and external currents. Knowledge of the magnetic equator informs both internal and 2 . Identification of magnetic equator from the zero crossing of the cyclindrical radial component of the magnetic field. For a dipole approximately aligned with the planet's spin axis, the north-south position of the B r = 0 point coincides with the magnetic equator. For a case with a large axial offset, the point of zero inclination will overestimate the displacement relative to that given by the location of B r = 0.
We consider the magnetic field (B) in cylindrical Mercury solar orbital (MSO) coordinates (r, ϕ, Z) MSO , where Z MSO is positive northward, ϕ MSO is zero at the subsolar point and increases toward dusk, and r MSO is positive outward parallel to the equatorial plane. In this system, the magnetic equator is indicated by the locus of points where B r = 0, and the Z MSO coordinate of each point, denoted by Z r0 , indicates the local offset of the magnetic equator from the geographic equator of the planet (Fig. 2) . The figure also illustrates that, for an axially aligned dipole, B r = 0 is a more reliable indicator of the magnetic equator than the point of zero inclination (where the magnetic field is parallel to the planetary surface). For each descending node pass, we selected a 1-min interval centered on the B r = 0 crossing(s) and obtained Z r0 via linear regression between B r and Z MSO using 1-s averaged data. The intercept yields the Z r0 estimate for that pass (see also fig.  S1 ). On some passes outbound on the dayside, the spacecraft crossed the magnetopause close to or before crossing the magnetic equator, and Z r0 determinations were not possible.
Determinations of Z r0 for 141 passes from 23 March to 20 June 2011 (Fig. 3) demonstrate unambiguously that Mercury's dipole is displaced north of the geographic equator by a mean distance of 484 T 11 km (3-SE uncertainty) and a sample standard deviation of 44 km. The variation with longitude is small relative to the offset. A tilt of the dipole relative to the Z axis should produce a single-period sinusoid, whereas the dominant variation displays about two periods in longitude. The magnetic nightside equator may shift northward for antisunward IMF and shift southward for sunward IMF (16) . Although data between -180°and 0°longitude are consistent with this expectation, longitudes from 45°to 135°are sampled twice, and in this range there is no clear distinction in Z r0 between sunward and antisunward IMF. Additional data will be required to distinguish the effects of local time and planetary longitude.
The dipole tilt is then given by identifying the point on each pass where the magnetic field has zero inclination relative to the surface of a sphere centered on a point offset north by 484 km relative to Mercury's center. The zero-inclination point on each pass was estimated from linear regression between the field inclination and latitude in this offset coordinate system. Fitting the zero-inclination-point departures from the magnetic equator versus longitude gives an upper limit for the tilt of 3°. The longitudinal variation, however, is not entirely consistent with a tilt.
Knowing the geometry of Mercury's dipole allows the magnitude of the planetary moment to be derived. This calculation requires separating the contributions from internal and external sources. The constraints on the external field model (2) are the position of the planetary dipole, the dipole moment, the subsolar magnetopause distance, the degree of magnetopause flaring, the distance from the planet center to the inner edge of the tail current sheet, and the tail magnetic flux. Magnetopause inbound and outbound crossings were identified for all passes in the period of study (332 crossings), and their locations were used to determine that the best-fit parabolic magnetopause is given by a subsolar distance of 1.4 R M and minimal flaring, consistent with a closest magnetopause distance at the subsolar point. The tail current-sheet distance and magnetic flux derived from the flybys (2) are consistent with the orbital data, and variations in these parameters do not affect the dipole moment solutions.
Because the planetary moment determines the magnetopause current densities, we performed a parameter search revising the external model for each value of the moment and calculating the residuals of the observations north of 30°N relative to the summed internal and external fields for each moment value. The internal model was a planet-centered spherical harmonic series for which we assumed zero tilt; set the planetary moment equal to the magnitude of g 10 ; calculated g 20 from the ratio g 20 /g 10 = 2Z r0 with Z r0 in R M , using the present result for Z r0 ; and set all other coefficients to zero. The root mean square magnitude of the residuals (misfit) for the MESSENGER orbital data from 23 March to 20 June 2011 is shown in Fig. 4. (fig. S2 is (Fig. 4B) . The best estimate for g 10 is taken to be -195 T 10 nT (1-SD uncertainty),~27% lower in magnitude than the centered-dipole estimate implied by the polar Mariner 10 flyby (9) . The corresponding g 20 value is -74 T 4 nT. Allowing other coefficients to be nonzero and attributing all remaining residuals to the internal field gave a final g 10 value of -202.5 nT, suggesting that the value from g 10 in models accounting for higherorder structure will be within the estimated range. Results for the best-fit offset dipole and total model field magnitudes and direction angles are shown in Fig. 1 . From MESSENGER's orbit, the external field contributes more than 20% of the total field only at lower latitudes and higher altitudes. The combined model field reproduces the orbital data north of~30°N to within 10 to 20 nT.
The northward displacement of Mercury's magnetic dipole from the geographic equator implies a substantial north-south asymmetry in the surface field. In particular, the surface field at the north pole is a factor of 3.4 larger than at the south pole. In addition, the surface area of open magnetic flux in the southern hemisphere is about four times that in the northern hemisphere. The comparatively weak southern polar field and larger open field area in the south imply that greater particle-stimulated surface sputtering occurs in the southern polar regions, where plasmas will preferentially precipitate to the surface (17) . The high axisymmetry and equatorial asymmetry of Mercury's field distinguish it from the fields of Earth and other planets. Whereas large offsets of the dipole axis from the planetary center have also been inferred for both Uranus and Neptune, these planets exhibit magnetic fields that are strong relative to Earth's field and asymmetric about the rotation axis (18) . Saturn also has a dipolar field aligned closely with and offset along the rotation axis (18) . For Saturn the ratio g 20 /g 10 is about 0.072 (18) , whereas for Mercury we find g 20 /g 10~0 .38, reflecting a dipole offset relative to the planetary diameter that is a factor of 5 greater for Mercury. An axially aligned but differentially rotating conducting layer between a deeper internally tilted field and the exterior might account for Saturn's axially aligned field (19) . Whether a similar mechanism could operate at Mercury is not known.
